Introduction {#Sec1}
============

The detectable final state emerging from the proton--proton collisions at the Large Hadron Collider (LHC) consists of particles and jets which are reconstructed with high precision for physics analyses. In the ATLAS experiment \[[@CR1]\], clusters of topologically connected calorimeter cell signals (topo-clusters) are employed as a principal signal definition for use in the reconstruction of the (hadronic) part of the final state comprising isolated hadrons, jets and hadronically decaying $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau $$\end{document}$-leptons. In addition, topo-clusters are also used to represent the energy flow from softer particles, which is needed for the reconstruction of full-event observables such as the missing transverse momentum.

The algorithm building the topo-clusters explores the spatial distribution of the cell signals in all three dimensions to establish connections between neighbours in an attempt to reconstruct the energy and directions of the incoming particles. The signals from cells determined to be connected are summed, and are used together with the cell locations to calculate direction, location, and shapes of the resulting clusters. Calorimeter cells with insignificant signals found to not be connected to neighbouring cells with significant signals are considered noise and discarded from further jet, particle and missing transverse momentum reconstruction.

The topo-clusters, while well established in deep inelastic scattering experiments such as H1 \[[@CR2]\] at HERA and in electron--positron collider experiments such as ALEPH \[[@CR3]\] at LEP and BaBar \[[@CR4]\] at PEP-II, are used here in an innovative implementation as fully calibrated three-dimensional objects representing the calorimeter signals in the complex final-state environment of hadron--hadron collisions. A similar application in this particular environment, previously developed by the D0 Collaboration, implements the topological clustering in the two dimensions spanned by pseudorapidity and the azimuthal angle, thus applying the noise-suppression strategy inherent in this algorithm for jet reconstruction \[[@CR5]\]. Several features and aspects of the ATLAS topo-cluster algorithms and their validations have previously been presented in Refs. \[[@CR6]--[@CR9]\].

Some of the complexity of the final state in hadron--hadron collisions is introduced by particles from the underlying event generated by radiation and multiple parton interactions in the two colliding hadrons producing the hard-scatter final state. Other detector signal contributions from the collision environment, especially important for higher intensity operations at the LHC, arise from pile-up generated by diffuse particle emissions produced by the additional proton--proton collisions occurring in the same bunch crossing as the hard-scatter interaction (in-time pile-up). Further pile-up influences on the signal are from signal remnants from the energy flow in other bunch crossings in the ATLAS calorimeters (out-of-time pile-up).

This paper first describes the ATLAS detector in Sect. [2](#Sec2){ref-type="sec"}, together with the datasets used for the performance evaluations. The motivations and basic implementation of the topo-cluster algorithm are presented in Sect. [3](#Sec15){ref-type="sec"}. The computation of additional variables associated with topo-clusters including geometric and signal moments is described in Sect. [4](#Sec22){ref-type="sec"}. The various signal corrections applied to topo-clusters in the context of the local hadronic calibration are presented in Sect. [5](#Sec33){ref-type="sec"}. Section [6](#Sec40){ref-type="sec"} summarises the performance of the topo-cluster signal in the reconstruction of isolated hadrons and jets produced in the proton--proton collisions at LHC. Performance evaluations with and without pile-up are discussed in this section, together with results from the corresponding Monte Carlo (MC) simulations. The paper concludes with a summary and outlook in Sect. [7](#Sec56){ref-type="sec"}.

The ATLAS experiment {#Sec2}
====================

In this section the basic systems forming the ATLAS detector are described in Sect. [2.1](#Sec3){ref-type="sec"}, followed in Sect. [2.2](#Sec6){ref-type="sec"} by a description of the datasets considered in this paper and the corresponding run conditions in data. The MC simulation setup for final-state generation and the simulation of the calorimeter response to the incident particles is described in Sect. [2.3](#Sec9){ref-type="sec"}.

The ATLAS detector {#Sec3}
------------------

The ATLAS experiment features a multi-purpose detector system with a forward--backward symmetric cylindrical geometry. It provides nearly complete and hermetic coverage of the solid angle around the proton--proton collisions at the LHC. A detailed description of the ATLAS experiment can be found in Ref. \[[@CR1]\].

### The ATLAS detector systems {#Sec4}

The detector closest to the proton--proton collision vertex is the inner tracking detector (ID). It has complete azimuthal coverage and spans the pseudorapidity[1](#Fn1){ref-type="fn"} region $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2.5$$\end{document}$. It consists of a silicon pixel detector, a silicon micro-strip detector, and a straw-tube transition radiation tracking detector covering $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<2$$\end{document}$. The ID is immersed into a uniform axial magnetic field of $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,\text {T}$$\end{document}$ provided by a thin superconducting solenoid magnet.Fig. 1Cutaway view on the ATLAS calorimeter system

The ATLAS calorimeter system is illustrated in Fig. [1](#Fig1){ref-type="fig"}. It comprises several calorimeters with various read-out granularities and with different technologies. The electromagnetic calorimeter (EM) surrounding the ID is a high-granularity liquid-argon sampling calorimeter (LAr), using lead as an absorber. It is divided into one barrel (EMB; $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<1.475$$\end{document}$) and two end-cap (EMEC; $\documentclass[12pt]{minimal}
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                \begin{document}$$1.375<|\eta |<3.2$$\end{document}$) regions.

The barrel and end-cap regions also feature pre-samplers mounted between the cryostat cold wall and the calorimeter modules. The barrel pre-sampler (PreSamplerB) covers $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 1.52$$\end{document}$, while the end-cap pre-sampler (PreSamplerE) covers $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5< |\eta | < 1.8$$\end{document}$.

The hadronic calorimeters are divided into three distinct sections. The most central section contains the central barrel region ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta |<0.8$$\end{document}$) and two extended barrel regions ($\documentclass[12pt]{minimal}
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                \begin{document}$$0.8<|\eta |<1.7$$\end{document}$). These regions are instrumented with scintillator-tile/steel hadronic calorimeters (Tile). Each barrel region consists of 64 modules with individual azimuthal ($\documentclass[12pt]{minimal}
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                \begin{document}$$\phi $$\end{document}$) coverages of $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi /32$$\end{document}$ rad. The two hadronic end-cap calorimeters (HEC; $\documentclass[12pt]{minimal}
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                \begin{document}$$1.5<|\eta |<3.2$$\end{document}$) feature liquid-argon/copper calorimeter modules. The two forward calorimeters (FCAL; $\documentclass[12pt]{minimal}
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                \begin{document}$$3.1<|\eta |<4.9$$\end{document}$) are instrumented with liquid-argon/copper and liquid-argon/tungsten modules for electromagnetic and hadronic energy measurements, respectively.

The ATLAS calorimeters have a highly granular lateral and longitudinal segmentation. Including the pre-samplers, there are seven sampling layers in the combined central calorimeters (PreSamplerB, three in EMB and three in Tile) and eight sampling layers in the end-cap region (PreSamplerE, three in EMEC and four in HEC). The three FCal modules provide three sampling layers in the forward region. Altogether, the calorimeter system has about $\documentclass[12pt]{minimal}
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                \begin{document}$$188\,000$$\end{document}$ read-out channels. The EM calorimeters are between 24 radiation lengths ($\documentclass[12pt]{minimal}
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                \begin{document}$$X_{0}$$\end{document}$) and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$27\,X_{0}$$\end{document}$ deep. The combined depth of the calorimeters for hadronic energy measurements is more than 10 hadronic interaction lengths ($\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda $$\end{document}$) nearly everywhere across the full detector acceptance ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \le 4.9$$\end{document}$). The amount of inactive material in front of the calorimeters depends on $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$. It varies from about $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,X_{0}$$\end{document}$ at $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\eta = 0$$\end{document}$ to about $\documentclass[12pt]{minimal}
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                \begin{document}$$4\,X_{0}$$\end{document}$ at $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \approx 1.8$$\end{document}$, when measured from the nominal interaction point in ATLAS to the first active sampling layer (including PreSamplerB and PreSamplerE). It can increase to more than $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$6\,X_{0}$$\end{document}$ in the transition region between central and end-cap calorimeters ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \approx 1.45$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | \approx 1.7$$\end{document}$). The amount of inactive material for hadrons is approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$1\,\lambda $$\end{document}$ across the full covered $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$-range, with spikes going up to more than $\documentclass[12pt]{minimal}
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                \begin{document}$$2\,\lambda $$\end{document}$ in transition regions and in regions with complex cryostat structures and beam line services ($\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | \approx 4$$\end{document}$).

The absorption power of the ATLAS calorimeters and their segmentation allow for very precise energy-flow reconstruction based on the topo-clusters described in this paper, with considerable exploitation of the topo-cluster shapes for signal calibration purposes. For more details of the calorimeter read-out structures, absorption characteristics, inactive material distributions, and cell signal formation, see Ref. \[[@CR1]\]. The segmentation of the read-out structure in the various calorimeter sampling layers, each named by a dedicated identifier ($\documentclass[12pt]{minimal}
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                \begin{document}$$S_{\text {calo}}$$\end{document}$), is shown in Table [1](#Tab1){ref-type="table"}.Table 1The read-out granularity of the ATLAS calorimeter system \[[@CR1]\], given in terms of $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \eta \times \Delta \phi $$\end{document}$ with the exception of the forward calorimeters, where it is given in linear measures $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta x \times \Delta y$$\end{document}$, due to the non-pointing read-out geometry of the FCAL. For comparison, the FCAL granularity is approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$\Delta \eta \times \Delta \phi = 0.15 \times 0.15 (0.3 \times 0.3)$$\end{document}$ at $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta = 3.5(4.5)$$\end{document}$. The total number of read-out cells, including both ends of the calorimeter system, with (without) pre-samplers is $\documentclass[12pt]{minimal}
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                \begin{document}$$187\,652$$\end{document}$ (178,308)CalorimeterModule sampling ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$S_{\text {calo}}$$\end{document}$)$\documentclass[12pt]{minimal}
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The muon spectrometer surrounds the ATLAS calorimeters. A system of three large air-core toroids, a barrel and two end-caps with eight coils each, generates a magnetic field in the pseudorapidity range of $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | < 2.7$$\end{document}$. The muon spectrometer measures the full momentum of muons based on their tracks reconstructed with three layers of precision tracking chambers in the toroidal field. It is also instrumented with separate trigger chambers.

### The ATLAS trigger {#Sec5}

The trigger system for the ATLAS detector in Run 1 consisted of a hardware-based Level 1 (L1) trigger and a software-based High Level Trigger (HLT) \[[@CR10]\]. For the evaluation of the topo-cluster reconstruction performance, samples of minimum-bias (MB) triggered events, samples of events selected by jet triggers, and samples of events with hard objects such as muons, which are not triggered by the calorimeter, are useful.

The ATLAS MB trigger \[[@CR11]\] used signals from a dedicated system of scintillators (MBTS \[[@CR12]\]; $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ hemisphere. In 2012, the MB samples were triggered by a zero-bias trigger. This trigger unconditionally accepted events from bunch crossings occurring a fixed number of LHC cycles after a high-energy electron or photon was accepted by the L1 trigger. The L1 trigger rate for these hard objects scales linearly with luminosity, thus the collision environment generated by the luminosity-dependent additional proton--proton interactions discussed in Sect. [2.2.1](#Sec7){ref-type="sec"} is well reflected in the MB samples.

For triggering on collision events with jets at L1, jets are first built from coarse-granularity calorimeter towers using a sliding-window algorithm (L1-jets). The events are accepted if they have L1-jets passing triggers based on (1) the transverse momentum ($\documentclass[12pt]{minimal}
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Dataset {#Sec6}
-------

Fig. 2The peak luminosities measured by the ATLAS online luminosity monitor system throughout the run years are shown in (**a**). The mean number of additional proton--proton interactions at the beginning of each LHC fill is shown in (**b**) for the same period in time

The data used for the evaluation of the topo-cluster reconstruction performance are selected from proton--proton collision events at a centre-of-mass energy of $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s} = 7\,{\text {TeV}}$$\end{document}$, recorded with the ATLAS detector in 2010, and at $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \!20.3\,\text {fb}^{-1}$$\end{document}$ in 2012. Peak instantaneous luminosities reached in the first three years of LHC running (LHC Run 1) are shown in Fig. [2](#Fig2){ref-type="fig"}a. Some early data recorded during the very first proton--proton collisions in the LHC in 2009 are considered for the studies of the topo-cluster reconstruction performance as well. The corresponding events are extracted from approximately $\documentclass[12pt]{minimal}
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                \begin{document}$$\sim \!5.1\,\text {fb}^{-1}$$\end{document}$, are provided to illustrate the evolution of the operational conditions during LHC Run 1 relevant to topo-cluster reconstruction. The specific choice of 2010 and 2012 data for the performance evaluations encompasses the most important scenarios with the lowest and highest luminosity operation, respectively.

### Pile-up in data {#Sec7}

One important aspect of the contribution from additional proton--proton interactions (pile-up) to the calorimeter signal in data is the sensitivity of the ATLAS liquid-argon calorimeters to this pile-up as a function of the instantaneous luminosity, and as a function of the signal history from previous bunch crossings.

In the initial phase of data-taking in 2010 the proton beam intensities at LHC were relatively low. The recorded events contain on average three additional proton--proton interactions, as shown in Fig. [2](#Fig2){ref-type="fig"}b. In addition, the initial bunch crossing interval of $\documentclass[12pt]{minimal}
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                \begin{document}$$t_{\text {BX}} < \tau _{\text {signal}}$$\end{document}$). Nevertheless, the still-low instantaneous luminosity reduced the amount of energy scattered into the calorimeter in the other bunch crossings to a negligible contribution with little effect on the signal history.Fig. 3The pulse shape in the ATLAS LAr calorimeters. The unipolar triangular pulse is the current pulse in the liquid argon generated by fast ionising particles. Its characteristic time is the drift time (charge collection time) $\documentclass[12pt]{minimal}
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Throughout operations in 2011 and 2012, the proton beam intensities in the LHC were significantly increased, leading to the corresponding increases in the number of pile-up interactions per bunch crossing shown in Fig. [2](#Fig2){ref-type="fig"}(b). At the same time, $\documentclass[12pt]{minimal}
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                \begin{document}$$50\,{\text {ns}}$$\end{document}$. These two changes in the run conditions introduced a sensitivity of the LAr calorimeter signal to the signal residuals from proton--proton interactions occurring in $\documentclass[12pt]{minimal}
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                \begin{document}$$N_{\text {BX}}^{\text {PU}} \approx 12$$\end{document}$ preceding bunch crossings at the LHC (out-of-time pile-up), in addition to pile-up interactions in the current bunch crossing (in-time pile-up). The out-of-time pile-up effect on the cell signal depends on $\documentclass[12pt]{minimal}
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The bipolar shape of the LAr calorimeter signal shown in Fig. [3](#Fig3){ref-type="fig"} reduces the overall effect of pile-up, because it features a net-zero integral over time. This leads to cancellation on average of in-time pile-up signal contributions by out-of-time pile-up signal residuals in any given calorimeter cell. By design of the shaping amplifier, and the choice of digitally sampling the shaped pulse amplitude in time with a frequency of $\documentclass[12pt]{minimal}
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                \begin{document}$$25\,{\text {ns}}$$\end{document}$ bunch spacing in the LHC beams. It is fully effective in the limit where for each bunch crossing contributing to out-of-time pile-up about the same amount of energy is deposited in a given calorimeter cell. A small loss of efficiency is observed for $\documentclass[12pt]{minimal}
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Approximately the first ten bunch crossings in each LHC bunch train at $\documentclass[12pt]{minimal}
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                \begin{document}$$50\,{\text {ns}}$$\end{document}$ bunch spacing are characterised by different out-of-time pile-up contributions from the collision history. This history gets filled with signal remnants from an increasing number of past bunch crossings with proton--proton interactions the larger the time difference between the bunch crossing and the beginning of the train becomes. The remaining bunch crossings in a train, about 26 of a total of 36 in 2011 and 62 of a total of 72 in 2012, have an out-of-time pile-up signal contribution which is stable within the bunch-to-bunch fluctuations in the beam intensity. In 2012 data a dedicated cell-by-cell correction is applied in the offline cell signal reconstruction to compensate for the corresponding variations in the out-of-time pile-up. Further details of the ATLAS liquid-argon calorimeter read-out and signal processing can be found in Ref. \[[@CR15]\].

Even with a constant proton bunch intensity and apart from the bunch train effects, the efficiency of pile-up suppression by signal shaping is reduced by the large fluctuations in the number of additional interactions from bunch crossing to bunch crossing, and by the different energy-flow patterns of the individual collisions in the time window of sensitivity $\documentclass[12pt]{minimal}
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                \begin{document}$$\tau _{\text {signal}}$$\end{document}$ in the LAr calorimeters. Consequently, the signal shows a principal sensitivity to pile-up, even after shaping and digital filtering in the read-out. This is evident from the residual event-by-event deviation of the cell-signal baseline, which depends on the specific pile-up condition at the time of the triggered event, from the (average zero) baseline expected from the signal shaping. These baseline fluctuations can lead to relevant signal offsets once the noise suppression is applied, which is an important part of the calorimeter signal extraction strategy using topo-clusters presented in Sect. [3](#Sec15){ref-type="sec"}.

The Tile calorimeter shows very little sensitivity to pile-up since most of the associated (soft particle) energy flow is absorbed in the LAr calorimeters in front of it. Moreover, out-of-time pile-up is suppressed by a shorter signal collection time and a short pulse shaping time, reducing the sensitivity of the signal to only about three bunch crossings at $\documentclass[12pt]{minimal}
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### Effect on calorimeter noise {#Sec8}

Fig. 4The energy-equivalent cell noise in the ATLAS calorimeters on the electromagnetic (EM) scale as a function of the direction $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu = 30$$\end{document}$. The various *colours* indicate the noise in the pre-sampler (PS) and the three layers of the LAr EM calorimeter, the three layers of the Tile calorimeter, the four layers of the hadronic end-cap (HEC) calorimeter, and the three modules of the forward (FCAL) calorimeter

In ATLAS operations prior to 2011 the cell noise was dominated by electronic noise. The short bunch crossing interval and higher instantaneous luminosity in 2011 and 2012 LHC running added additional and dominant noise contributions from the cell-signal baseline fluctuations introduced by pile-up, as discussed in Sect. [2.2.1](#Sec7){ref-type="sec"}. These fluctuations, even though not perfectly following a Gaussian distribution,[2](#Fn2){ref-type="fn"} can nevertheless be expressed as noise measured by the standard deviation of their distribution, taken from simulated MB events and scaled to the expected number of pile-up interactions. The cell noise thresholds steering the topo-cluster formation described in Sect. [3](#Sec15){ref-type="sec"} thus needed to be increased from those used in 2010 to accommodate this pile-up-induced noise. This is done by adjusting the nominal energy-equivalent noise $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}^{\text {electronic}}$$\end{document}$ is the electronic noise, and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
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                \begin{document}$$\langle \mu \rangle $$\end{document}$ for the run year. They needed to be made before the respective data-taking started, to allow for a fast turn-around reconstruction of the collected data. As $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\mu $$\end{document}$ changes with the decrease of the instantaneous luminosity $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}^{\mathrm{pile-up}}$$\end{document}$ is only optimal for the small subset of data recorded when $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ pile-up interactions on average. LHC operations at lower $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ lead to slightly reduced calorimeter sensitivity to relevant small signals, as $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}^{\mathrm{pile-up}}$$\end{document}$ is too large. For data-taking periods with higher than nominal $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ the noise suppression is not optimal, leading to more noise contributions to the topo-cluster signals.

The change of the total nominal noise $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}$$\end{document}$ and its dependence on the calorimeter region in ATLAS can be seen by comparing Fig. [4](#Fig4){ref-type="fig"}a--c. In most calorimeter regions, the total noise rises significantly above the electronic noise with increasing pile-up activity, as expected. This increase is largest in the forward calorimeters, where $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}^{\mathrm{pile-up}}\gg \sigma _{\text {noise}}^{\text {electronic}}$$\end{document}$ by more than one order of magnitude, already under 2011 run conditions.

Monte Carlo simulations {#Sec9}
-----------------------

The energy and direction of particles produced in proton--proton collisions are simulated using various MC event generators. An overview of these generators for LHC physics can be found in Ref. \[[@CR17]\]. The samples for comparisons to 2010 data are produced at $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\sqrt{s} = 8\,{\text {TeV}}$$\end{document}$. Some configuration details for the inclusive jet and inclusive $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$Z$$\end{document}$ boson MC samples and the simulated MB samples are given below.

### Monte Carlo simulations of signal samples {#Sec10}

Simulated signal samples include inclusive jet-production, which is generated using [Pythia]{.smallcaps} \[[@CR18]\] version 6.425 for 2010 analyses, and [Pythia]{.smallcaps}8 \[[@CR19]\] version 8.160 for 2012 analysis. Both generators model the hard sub-process in the final states of the generated proton--proton collisions using a $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2\!\!\rightarrow \!\!2$$\end{document}$ matrix element at leading order in the strong coupling $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\alpha _{\text {S}}$$\end{document}$. Additional radiation is modelled in the leading-logarithmic (LL) approximation by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$-ordered parton showers \[[@CR20]\]. Multiple parton interactions (MPI) \[[@CR21]\], as well as fragmentation and hadronisation based on the Lund string model \[[@CR22]\], are also generated.

For comparisons with 2012 data, samples of $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ are generated. The next-to-leading-order (NLO) [POWHEG]{.smallcaps} \[[@CR23], [@CR24]\] model is used, with the final-state partons showered by [Pythia]{.smallcaps}8 using the [CT10]{.smallcaps} NLO parton distribution function (PDF) \[[@CR25]\] and the ATLAS [AU2]{.smallcaps} \[[@CR26]\] set of tuned parton shower and other soft underlying event generation parameters. [Pythia]{.smallcaps}8 also provides the MPI, fragmentation and hadronisation for these events.

### Minimum-bias samples and pile-up modelling {#Sec11}

The MB samples for 2012 running conditions are generated using [Pythia]{.smallcaps}8 with the ATLAS [AM2]{.smallcaps} \[[@CR26]\] set of tuned soft interaction parameters and the MSTW2008LO PDF set \[[@CR27]\]. A single, fully simulated event for that run year is built by overlaying a number $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$N_{\text {PU}}$$\end{document}$ of generated MB events onto one generated hard-scatter event. The actual $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \mu \rangle $$\end{document}$ is measured by the experiment as an average over one *luminosity block*, which can last as long as two minutes, with its actual duration depending on the central data acquisition configuration at the time of the data-taking. The measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$5.6< |\eta | < 6.0$$\end{document}$) and two sets of small diamond sensors forming two beam conditions monitors (BCM; $\documentclass[12pt]{minimal}
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                \begin{document}$$|\eta | = 4.2$$\end{document}$). Details of these detectors and the measurement are given in Ref. \[[@CR28]\]. The distribution of the measured $\documentclass[12pt]{minimal}
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                \begin{document}$$\langle \mu \rangle $$\end{document}$ over the whole run period is taken into account in the pile-up simulation.

The LHC bunch train structure with 72 proton bunches per train and $\documentclass[12pt]{minimal}
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                \begin{document}$$50\,{\text {ns}}$$\end{document}$ spacing between the bunches in 2012, is also modelled by organising the simulated collisions into four such trains. This allows the inclusion of out-of-time pile-up effects driven by the distance of the hard-scatter events from the beginning of the bunch train, as discussed in Sect. [2.2.1](#Sec7){ref-type="sec"}. A correction depending on the bunch position in the train is applied to data and MC simulations to mitigate these effects. Bunch-to-bunch intensity fluctuations in the LHC are not included in the MC modelling. These are corrected in the data by the correction depending on the position of the bunch in the train.

### Minimum-bias overlay samples for 2012 {#Sec12}

In addition to the fully generated and simulated MC samples described earlier, samples with events mixing data and MC simulations are used to study the topo-cluster reconstruction performance. These samples are produced by overlaying one event from the MB samples collected by the zero-bias trigger described in Sect. [2.1.2](#Sec5){ref-type="sec"} and a hard-scatter interaction from the MC generator \[[@CR29]--[@CR31]\]. The generated hard-scatter event is simulated using the detector simulation described in Sect. [2.1](#Sec3){ref-type="sec"}, but without any noise effects included. The recorded and simulated raw electronic signals are then overlaid prior to the digitisation step in the simulation. This results in modelling both the detector noise and the effect of pile-up from data with the correct experimental conditions on top of the simulated event. Theses samples are useful for detailed comparisons of topo-cluster signal features in 2012, as they do not depend on limitations in the soft-event modelling introduced by any of the generators.

### Detector simulation {#Sec13}

The [Geant]{.smallcaps}4 software toolkit \[[@CR32]\] within the ATLAS simulation framework \[[@CR33]\] propagates the stable particles[3](#Fn3){ref-type="fn"} produced by the event generators through the ATLAS detector and simulates their interactions with the detector material and the signal formation. Hadronic showers are simulated with the quark--gluon-string-plasma model employing a quark--gluon string model \[[@CR34]\] at high energies and the Bertini intra-nuclear cascade model \[[@CR35]--[@CR37]\] at low energies (QGSP_BERT). There are differences between the detector simulation used in 2010 and in 2012. A newer version of [Geant]{.smallcaps}4 (version 9.4) is employed in 2012, together with a more detailed description of the LAr calorimeter absorber structure. These geometry changes introduce an increase of about 2% in the calorimeter response to pions with energies of less than $\documentclass[12pt]{minimal}
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Hadronic final-state reconstruction in ATLAS {#Sec14}
--------------------------------------------

The fully reconstructed final state of the proton--proton collisions in ATLAS includes identified individual particles comprising electrons, photons, muons, and $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$). Calorimeter signals contribute to all objects, except for muons. The topo-clusters introduced in detail in Sect. [3](#Sec15){ref-type="sec"} are primarily used for the reconstruction of isolated hadrons, jets and $\documentclass[12pt]{minimal}
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Jets are reconstructed using topo-clusters, with their energies either reconstructed on the basic (electromagnetic) scale presented in Sect. [3.2](#Sec21){ref-type="sec"}, or on the fully calibrated and corrected (hadronic) scale described in Sect. [5](#Sec33){ref-type="sec"}.

Additional refinement of the jet energy scale (JES) may include reconstructed charged-particle tracks from the ID. More details of jet reconstruction and calibration can be found in Refs. \[[@CR16], [@CR38]\].

Jets used in the studies presented here are reconstructed in data and MC simulations using the anti-$\documentclass[12pt]{minimal}
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                \begin{document}$$k_{t}$$\end{document}$ jet algorithm \[[@CR39]\] as implemented in the [FastJet]{.smallcaps} package \[[@CR40]\]. The jet size is defined by the radius parameter *R* in the jet algorithm, where both $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.6$$\end{document}$ are used. Full four-momentum recombination is used, restricting the input topo-cluster signals to be positive for a meaningful jet formation. The jets are fully calibrated and corrected after formation, including a correction for pile-up signal contributions. For 2012, the pile-up correction employs the reconstructed median transverse momentum density in the event and the area of the jet to subtract the $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}$$\end{document}$ contribution from pile-up, following the suggestions in Ref. \[[@CR41]\]. In addition, an MC simulation-based residual correction is applied \[[@CR42]\].

Topological cluster formation and features {#Sec15}
==========================================

The collection of the calorimeter signals of a given collision event into clusters of topologically connected cell signals is an attempt to extract the significant signal from a background of electronic noise and other sources of fluctuations such as pile-up. This strategy is most effective in a highly granular calorimeter system such as the one employed by ATLAS. Finely segmented lateral read-out together with longitudinal sampling layers allows the resolution of energy-flow structures generating these spatial signal patterns, thus retaining only signals important for particle and jet reconstruction while efficiently removing insignificant signals induced by noise. The signal extraction is guided by reconstructing three-dimensional "energy blobs" from particle showers in the active calorimeter volume. Individual topo-clusters are not solely expected to contain the entire response to a single particle all of the time. Rather, depending on the incoming particle types, energies, spatial separations and cell signal formation, individual topo-clusters represent the full or fractional response to a single particle (full shower or shower fragment), the merged response of several particles, or a combination of merged full and partial showers.

Topo-cluster formation {#Sec16}
----------------------

The collection of calorimeter cell signals into topo-clusters follows spatial signal-significance patterns generated by particle showers. The basic observable controlling this cluster formation is the cell signal significance $\documentclass[12pt]{minimal}
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Topo-clusters are formed by a growing-volume algorithm starting from a calorimeter cell with a highly significant seed signal. The seeding, growth, and boundary features of topo-clusters are in this algorithm controlled by the three respective parameters $\documentclass[12pt]{minimal}
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                \begin{document}$$S > N \ge P$$\end{document}$ rule, as reflected in the default configuration for ATLAS indicated above. The default values are derived from optimisations of the response and the relative energy resolution for charged pions in test-beam experiments using ATLAS calorimeter prototypes \[[@CR43]\].

### Collecting cells into topo-clusters {#Sec17}

Topo-cluster formation is a sequence of *seed and collect* steps, which are repeated until all topologically connected cells passing the criteria given in Eqs. ([3](#Equ3){ref-type=""}) and ([4](#Equ4){ref-type=""}) and their direct neighbours satisfying the condition in Eq. ([5](#Equ5){ref-type=""}) are found. The algorithm starts by selecting all cells with signal significances $\documentclass[12pt]{minimal}
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Each seed cell forms a *proto-cluster*. The cells neighbouring a seed and satisfying Eqs. ([4](#Equ4){ref-type=""}) or ([5](#Equ5){ref-type=""}) are collected into the corresponding proto-cluster. Here *neighbouring* is generally defined as two calorimeter cells being directly adjacent in a given sampling layer, or, if in adjacent layers, having at least partial overlap in the $\documentclass[12pt]{minimal}
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                \begin{document}$$(\eta ,\phi )$$\end{document}$ plane. This means that the cell collection for topo-clusters can span modules within the same calorimeter as well as calorimeter sub-detector transition regions. Should a neigbouring cell have a signal significance passing the threshold defined by the parameter *N* in Eq. ([4](#Equ4){ref-type=""}), its neighbours are collected into the proto-cluster as well. If a particular neighbour is a seed cell passing the threshold *S* defined in Eq. ([3](#Equ3){ref-type=""}), the two proto-clusters are merged. If a neighbouring cell is attached to two different proto-clusters and its signal significance is above the threshold defined by *N*, the two proto-clusters are merged. This procedure is iteratively applied to further neighbours until the last set of neighbouring cells with significances passing the threshold defined by *P* in Eq. ([5](#Equ5){ref-type=""}), but not the one in Eq. ([4](#Equ4){ref-type=""}), is collected. At this point the formation stops.Fig. 5Signal significance ($\documentclass[12pt]{minimal}
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                \begin{document}$$\varsigma _{\text {cell}}^{\,{{\text {EM}}}}$$\end{document}$) distributions for all cells (*blue*/*cyan*) and for cells after the noise suppression in the topological cell clustering is applied (*red*/*yellow*), in selected sampling layers of the LAr calorimeters: **a** the first sampling of the central electromagnetic LAr calorimeter (EMB), **b** the first sampling of the electromagnetic LAr end-cap calorimeter (EMEC), **c** the first sampling of the hadronic LAr end-cap calorimeter (HEC), and **d** the first module of the LAr forward calorimeter (FCAL). The spectra are extracted from 2012 zero-bias data at $\documentclass[12pt]{minimal}
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The resulting proto-cluster is characterised by a core of cells with highly significant signals. This core is surrounded by an envelope of cells with less significant signals. The configuration optimised for ATLAS hadronic final-state reconstruction is $\documentclass[12pt]{minimal}
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                \begin{document}$$P = 0$$\end{document}$, as indicated in Eqs. ([3](#Equ3){ref-type=""}) to ([5](#Equ5){ref-type=""}). This particular configuration with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$P = 0$$\end{document}$ means that any cell neighbouring a cell with signal significance passing the threshold given by *N* in Eq. ([4](#Equ4){ref-type=""}) is collected into a proto-cluster, independent of its signal. Using the correlations between energies in adjacent cells in this way allows the retention of cells with signals that are close to the noise levels while preserving the noise suppression feature of the clustering algorithm.

The implicit noise suppression implemented by the topo-cluster algorithm discussed above leads to significant improvements in various aspects of the calorimeter performance, such as the energy and spatial resolutions in the presence of pile-up. Contributions from large negative and positive signal fluctuations introduced by pile-up can survive in a given event, though, and thus contribute to the sensitivity to pile-up observed in e.g. the jet response \[[@CR42]\], in addition to the cell-level effects mentioned in Sect. [2.2.1](#Sec7){ref-type="sec"}. Examples of the effect of this noise suppression on the cells contributing to zero-bias events recorded with ATLAS in 2012 are shown in the cell signal-significance spectra in Fig. [5](#Fig5){ref-type="fig"}a--d for four different LAr calorimeters in ATLAS.

### Treatment of negative cell signals {#Sec18}

Negative cell signals in the ATLAS calorimeters are the result of fluctuations introduced predominantly by pile-up and, to a lesser extent, by electronic noise, as discussed in Sects. [2.2.1](#Sec7){ref-type="sec"} and [2.2.2](#Sec8){ref-type="sec"}. The thresholds in Eqs. ([3](#Equ3){ref-type=""})--([5](#Equ5){ref-type=""}) are applied in terms of the absolute value of $\documentclass[12pt]{minimal}
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                \begin{document}$$\varsigma _{\text {cell}}^{\,{{\text {EM}}}}$$\end{document}$. This means that not only large positive cell signals can seed a cluster, but also those with large negative signals. In addition, cells with negative signals can also contribute to the cluster growth control and are added to the envelope around the topo-cluster core.
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                \begin{document}$$E_{\text {cell}}^{{{\text {EM}}}}< 0$$\end{document}$ as topo-cluster seeds provides a diagnostic tool for the amount of noise in the overall calorimeter signal for a given event. At the fixed noise value given in Eq. ([1](#Equ1){ref-type=""}) and used in Eq. ([3](#Equ3){ref-type=""}), the luminosity-dependent actual noise in the event is reflected in the number of topo-clusters reconstructed with negative seeds. This number serves as an estimator mainly for out-of-time pile-up.

Topo-clusters with negative seeds often have a total energy $\documentclass[12pt]{minimal}
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                \begin{document}$$100\,{\text {ns}}$$\end{document}$ before the event. Its residual signal trace is scaled by the negative undershoot of the shaping function shown in Fig. [3](#Fig3){ref-type="fig"}. This particle also injected significant energy in the neighbouring cells at the same time, due to its electromagnetic or hadronic shower, which leads to $\documentclass[12pt]{minimal}
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                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {cell}}^{{{\text {EM}}}}>0$$\end{document}$ often yield $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}> 0$$\end{document}$, because they are typically generated by particles injected in past bunch crossings closer in time (within $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}< 0$$\end{document}$ can be used to provide an average global cancellation of contributions of clusters seeded by positive fluctuations in out-of-time pile-up in full event observables including $\documentclass[12pt]{minimal}
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Clustering cells with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {cell}}^{{{\text {EM}}}}< 0$$\end{document}$ in any topo-cluster, including those containing and seeded by large positive signals, improves noise suppression due to the local cancellation of random positive (upward) noise fluctuations by negative (downward) fluctuations within this cluster. Allowing only positive signals to contribute introduces a bias in the cluster signal, while the random cancellation partially suppresses this bias.

To reconstruct physics objects such as jets from topo-clusters, only those clusters with a net energy $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}> 0$$\end{document}$ are considered. The expectation is that clusters with net negative energy have no contribution to the signal of the reconstructed object, as there is no correlation of the corresponding downward fluctuation mainly induced by the energy flow in previous bunch crossings with the final state that is triggered and reconstructed.

### Cluster splitting {#Sec19}

The proto-clusters built as described in Sect. [3.1.1](#Sec17){ref-type="sec"} can be too large to provide a good measurement of the energy flow from the particles generated in the recorded event. This is true because spatial signal structures inside those clusters are not explicitly taken into account in the formation. In particular, local signal maxima indicate the presence of two or more particles injecting energy into the calorimeter in close proximity.

To avoid biases in jet-finding and to support detailed jet substructure analysis as well as a high-quality $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ reconstruction, proto-clusters with two or more local maxima are split between the corresponding signal peaks in all three spatial dimensions. A local signal maximum is defined by $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {cell}}^{{{\text {EM}}}}> 500\,\text {MeV}$$\end{document}$, in addition to the topological requirements for this cell to have at least four neighbours and that none of the neighbours has a larger signal. Also, the location of cells providing local maxima is restricted to cells in the EM sampling layers EMB2, EMB3, EME2 and EME3, and to FCAL0. This means that for a proto-cluster located completely inside the electromagnetic calorimeters, or extending from the electromagnetic to the hadronic calorimeters, splitting is guided by the spatial cell signal distributions in the highly granular electromagnetic calorimeters. The cluster splitting is refined in an additional step, where signal maxima can be provided by cells from the thin EM sampling layers EMB1 and EME1 with a highly granular $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$-strip read-out geometry, all sampling layers in the hadronic calorimeters (HEC0 to HEC3, Tile0 to Tile2), and the hadronic forward calorimeter modules FCAL1 and FCAL2.[5](#Fn5){ref-type="fn"} The use of EMB1 and EME1 in the topo-cluster splitting improves the photon separation in $\documentclass[12pt]{minimal}
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                \begin{document}$$\pi ^{0}\rightarrow \gamma \gamma $$\end{document}$.Fig. 6Stages of topo-cluster formation in the first module (FCAL0) of the FCAL calorimeter for a simulated dijet event with at least one jet entering this calorimeter. Shown in **a** are cells with signal significance $\documentclass[12pt]{minimal}
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                \begin{document}$$|\varsigma _{\text {cell}}^{\,{{\text {EM}}}}| > 2$$\end{document}$ controlling the topo-cluster growth, and in **c** all clustered cells and the outline of topo-clusters and topo-cluster fragments in this module. All clusters shown in **c** which do not contain a seed cell from this module are seeded in other modules of the FCAL, or in other calorimeters surrounding it. Pile-up is not included in this simulation, but electronic noise is modelled. Cells not *colour coded* but inside a topo-cluster have a negative signal, while cells *shaded grey* are completely surrounded by clustered cells but not part of a topo-cluster themselves. The cell and cluster boundaries are displayed on a dimensionless grid using the polar angle $\documentclass[12pt]{minimal}
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                \begin{document}$$\varsigma _{\text {cell}}^{\,{{\text {EM}}}}$$\end{document}$ see Eq. ([2](#Equ2){ref-type=""})

The cluster splitting algorithm can find cells which are neighbours to two or more signal maxima. In this case, the cell is assigned to the two highest-energy clusters after splitting of the original topo-cluster it is associated with. This means that each cell is only shared once at most, and, even then, is never shared between more than two clusters.

The sharing of its signal between the two clusters with respective energies $\documentclass[12pt]{minimal}
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                \begin{document}$$w_{\text {cell},2}^{\text {geo}}$$\end{document}$. These weights are calculated from the distances of the cell to the centres of gravity of the two clusters ($\documentclass[12pt]{minimal}
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Figure [6](#Fig6){ref-type="fig"} shows an example of topo-clusters generated by an MC simulated jet in the first module of the ATLAS forward calorimeter under 2010 run conditions (no pile-up). Possible seed cells, as defined in Eq. ([3](#Equ3){ref-type=""}), are shown in Fig. [6](#Fig6){ref-type="fig"}a. Cells with signal significances above the threshold *N* specified in Eq. ([4](#Equ4){ref-type=""}) are displayed in Fig. [6](#Fig6){ref-type="fig"}b. The cells from this module included in any topo-cluster are shown in Fig. [6](#Fig6){ref-type="fig"}c. This display shows the effectiveness of cluster splitting in tracing signal structures. Comparing Figs. [6](#Fig6){ref-type="fig"}a and c clearly shows the survival of cells with $\documentclass[12pt]{minimal}
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### Cluster multiplicities in electromagnetic and hadronic showers {#Sec20}

One of the original motivations behind any cell clustering is to reconstruct single-particle showers with the highest possible precision in terms of energy and shape. The immediate expectation is that the clustering algorithm should be very efficient in reconstructing one cluster for each particle entering the calorimeter. While this view is appropriate for dense and highly compact electromagnetic showers with relatively small shower-to-shower fluctuations in their longitudinal (along the direction of flight of the incoming particle) and lateral (perpendicular to the direction of flight) extensions, hadronic showers are subject to much larger intrinsic fluctuations leading to large shower-to-shower variations in their shapes and compactness. Hadrons generated in inelastic interactions in the course of the hadronic shower can even travel significant distances and generate sub-showers outside the direct neighbourhood of the calorimeter cell containing the initial hadronic interaction. This means that topo-clusters can contain only a fraction of the hadronic shower.
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The wider hadronic shower spread introduces a higher sensitivity of $\documentclass[12pt]{minimal}
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Cluster kinematics {#Sec21}
------------------

The cluster kinematics are the result of the recombination of cell energies and directions. The presence of cells with $\documentclass[12pt]{minimal}
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The total cluster signal amplitude $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}$$\end{document}$ reflects the correct signal contributions from all cells,$$\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\begin{aligned} E_{\text {clus}}^{{{\text {EM}}}}= \sum _{i=1}^{N_{\text {cell}}} w_{\text {cell},i}^{\text {geo}} E_{\text {cell},i}^{\text {EM}}, \end{aligned}$$\end{document}$$and is calculated using the signed cell signals $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {cell},i}^{\text {EM}}$$\end{document}$ and taking into account the geometrical signal weights. In general, all clusters with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}> 0$$\end{document}$ are used for the reconstruction of physics objects in the ATLAS calorimeters, including the very few ones seeded by cell signals $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E_{\text {cell}}^{{{\text {EM}}}}<0$$\end{document}$.

Each topo-cluster is interpreted as a massless *pseudo-particle* in physics object reconstruction. The energy and momentum components on the EM scale are calculated from the basic reconstructed kinematic variables $\documentclass[12pt]{minimal}
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The massless pseudo-particle interpretation is appropriate as there is no physically meaningful cluster mass without a specific and valid particle hypothesis for the origin of the signal. Such a hypothesis seems to be impossible to obtain from the calorimeter signals alone, especially for hadrons or hadronically decaying particles, where particle identification often requires a measurement of the charge. A topo-cluster mass could in principle be reconstructed from the cell signals and their spatial distribution, but this observable is dominated by lateral shower spreading, which does not represent a physically meaningful mass. It is also highly affected by the settings for the noise thresholds, which control the lateral and longitudinal spread of the cluster in a given pile-up environment (see Sect. [3.1.1](#Sec17){ref-type="sec"}).

In addition, hadronic showers tend to be split more often into two or more topo-clusters, as discussed in Sect. [3.1.4](#Sec20){ref-type="sec"} for single particles. Also, it is very likely in the proton--proton collision environment at the LHC that a given topo-cluster contains signals from several particles, especially when located inside a jet, as a mix of electromagnetic and hadronic showers or shower fragments. These issues make a physical particle hypothesis very unlikely, and any cluster mass measurement would be very hard to interpret or validate in relation to a "real" particle.

Topo-cluster moments {#Sec22}
====================

The shape of a topo-cluster and its internal signal distribution contain valuable information for signal characterisation with respect to its origin, and therefore cluster-based calibrations. The list of reconstructed observables ("cluster moments") is long. In this section the focus is on moments used to evaluate the signal quality in data, to determine the cluster location and size, and to calibrate each cluster. The geometry relevant to some of the moments is depicted in Fig. [8](#Fig8){ref-type="fig"}. Moments which are useful for purely technical reasons, such as those related to the information about the true energy deposited in the calorimeter in MC simulations, are not discussed in this paper.
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Geometrical moments {#Sec23}
-------------------

Each topo-cluster with at least three cells with $\documentclass[12pt]{minimal}
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### Location {#Sec24}

The location of a topo-cluster is defined by its centre of gravity $\documentclass[12pt]{minimal}
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In addition to the absolute location measured by the centre of gravity, the distance $\documentclass[12pt]{minimal}
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### Directions {#Sec25}
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The shower axis is a measure of the direction of flight of the incoming particle. It is defined by a principal value analysis of the energy-weighted spatial correlations between cells with $\documentclass[12pt]{minimal}
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### Extensions and sizes {#Sec26}
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As calorimeter technologies and granularities change as function of $\documentclass[12pt]{minimal}
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Signal moments {#Sec27}
--------------

Topo-cluster moments related to the distribution of the cell signals inside the cluster are useful in determining the density and compactness of the underlying shower, the significance of the cluster signal itself, and the quality of the cluster reconstruction. These moments thus not only provide an important input to the calibrations and corrections discussed in Sect. [5](#Sec33){ref-type="sec"}, but also support data quality driven selections in the reconstruction of physics objects. Additional topo-cluster signal quality moments related to instantaneous, short term, and long term detector defects introducing signal efficiency losses are available but very technical in nature, and very specific to the ATLAS calorimeters. Their discussion is outside of the scope of this paper.

### Signal significance {#Sec28}

The significance of the topo-cluster signal is an important measure of the relevance of a given cluster contribution to the reconstruction of physics objects. Similar to the cell signal significance $\documentclass[12pt]{minimal}
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### Signal density {#Sec29}

The signal density of the topo-cluster is indicative of the nature of the underlying particle shower. It can be evaluated in two different approaches. First, $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}$$\end{document}$ can be divided by the volume the cluster occupies in the calorimeter. This volume is the sum of volumes of all cells contributing to the cluster. The signal density reconstructed this way is subject to considerable instabilities introduced by signal fluctuations from noise, as large volume cells can be added with a very small signal due to those fluctuations.

The default for topo-cluster calibration is the second and more stable estimate of the topo-cluster signal density measured by the cell-energy-weighted first moment $\documentclass[12pt]{minimal}
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### Signal timing {#Sec30}

The topo-cluster signal timing is a sensitive estimator of its signal quality. It is particularly affected by large signal remnants from previous bunch crossings contributing to the cluster, or even exclusively forming it, and can thus be employed as a tag for topo-clusters indicating pile-up activity.
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### Signal composition {#Sec31}

The signal distribution inside a topo-cluster is measured in terms of the energy sharing between the calorimeters contributing cells to the cluster, and other variables measuring the cell signal sharing. The energy sharing between the electromagnetic and hadronic calorimeters is expressed in terms of the signal ratio $\documentclass[12pt]{minimal}
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One of the variables that can be considered for further evaluation of the relevance of the cluster signal in the presence of pile-up is the ratio of $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}$$\end{document}$. It is sensitive to the negative energy content of a given topo-cluster which is largely injected by out-of-time pile-up dominated by the negative tail of the bipolar signal shaping function discussed in Sect. [3.1.2](#Sec18){ref-type="sec"}.

### Topological isolation {#Sec32}

The implicit noise suppression in the topological clustering algorithms leads to signal losses affecting the calorimeter response to particles, as further discussed in Sect. [5.4](#Sec37){ref-type="sec"}. As these signal losses appear at the boundary of the topo-cluster, corresponding corrections need to be sensitive to whether the lost signals may be included in another close-by cluster or if they are lost for good. This is particularly important for jets, where the topo-cluster density can be very high.

The degree of isolation is measured by the isolation moment $\documentclass[12pt]{minimal}
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The isolation moment is reconstructed by first counting the number of calorimeter cells $\documentclass[12pt]{minimal}
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Local hadronic calibration and signal corrections {#Sec33}
=================================================

The motivation for the calibration scheme described in this section arises from the intention to provide a calorimeter signal for physics object reconstruction in ATLAS which is calibrated outside any particular assumption about the kind of object. This is of particular importance for final-state objects with a significant hadronic signal content, such as jets and, to a lesser degree, $\documentclass[12pt]{minimal}
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The topo-cluster moments provide information sensitive to the nature of the shower generating the cluster signal. This information can be explored to apply moment-dependent calibrations cluster-by-cluster, and thus correct for the effects of the non-compensating calorimeter response to hadrons, accidental signal losses due to the clustering strategy, and energy lost in inactive material in the vicinity of the topo-cluster. The calibration strategy discussed in some detail in the following is *local* because it attempts to calibrate highly localised and relatively small (in transverse momentum flow space) topo-clusters.[12](#Fn12){ref-type="fn"} As the local hadronic calibration includes cell signal weighting, the calibration based on topo-clusters is referred to as "local hadronic cell weighting" (LCW) calibration.

All calibrations and corrections are derived using MC simulations of single pions (charged and neutral) at various energies in all ATLAS calorimeter regions. This fully simulation-based approach requires good agreement between data and these MC simulations for the topo-cluster signals and moments used for any of the applied corrections in terms of distribution shapes and averages. Reconstructed observables which are not well-modelled by simulation are not considered. The data/MC comparisons for most used observables are shown in the context of the discussion of the methods using them.

General topo-cluster calibration strategy {#Sec34}
-----------------------------------------

The LCW calibration aims at the cluster-by-cluster reconstruction of the calorimeter signal on the appropriate (electromagnetic or hadronic) energy scale. In this, the cluster energy resolution is expected to improve by using other information in addition to the cluster signal in the calibration. The basic calorimeter signal inefficiencies that this calibration must address are given below.**Non-compensating calorimeter response:** All calorimeters employed in ATLAS are non-compensating, meaning their signal for hadrons is smaller than the one for electrons and photons depositing the same energy ($\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$, which combines signals from the whole calorimeter system and requires balanced electromagnetic and hadronic responses in and outside signals from (hard) particles and jets.**Signal losses due to clustering:** The topo-cluster formation applies an intrinsic noise suppression, as discussed in detail in Sect. [3.1](#Sec16){ref-type="sec"}. Depending on the pile-up conditions and the corresponding noise thresholds, a significant amount of true signal can be lost this way, in particular at the margins of the topo-cluster. This requires corrections to allow for a more uniform and linear calorimeter response.**Signal losses due to energy lost in inactive material:** This correction is needed to address the limitations in the signal acceptance in active calorimeter regions due to energy losses in nearby inactive material in front, between, and inside the calorimeter modules. Fig. 9Overview of the local hadronic cell-weighting (LCW) calibration scheme for topo-clusters. Following the topo-cluster formation, the likelihood for a cluster to be generated by electromagnetic energy deposit ($\documentclass[12pt]{minimal}
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The corrections collected in the LCW calibration address these three main sources of signal inefficiency. The specifics of the calibrations and corrections applied to correct for these signal inefficiencies depend on the nature of the energy deposit -- hadronic (HAD) or electromagnetic (EM). Therefore, the first step of the topo-cluster calibration procedure is to determine the probability $\documentclass[12pt]{minimal}
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The main differences in the hadronic and electromagnetic calibration of topo-clusters are the magnitudes of the applied corrections, which in the EM case are significantly smaller than for HAD. Applying an exclusive categorisation based on the probability distributions described in Sect. [5.2](#Sec35){ref-type="sec"} can lead to inconsistent calibrations especially for low-energy or small (few cells only) clusters, as misclassification for these kinds of topo-clusters is more likely than for clusters with higher energies or larger sizes. To allow for smooth transitions and reduce the dependency on the classification, the signal weights $\documentclass[12pt]{minimal}
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                \begin{document}$$w_{\text {cell}}^{\text {had-cal}}$$\end{document}$ represent the factors applied by the EM or HAD calibration to the cell signal. The effective representation of all calibration steps in terms of these cell-level signal weights implements a consistent approach independent of the nature of the actual correction applied at any given step. As detailed in Sects. [5.3](#Sec36){ref-type="sec"}--[5.5](#Sec38){ref-type="sec"}, the weights can depend on the cell signal itself, thus yielding a different weight for each cell. They can also represent cluster-level corrections generating the same weight for all cells, or a subset of cells, of the topo-cluster. This cell weighting scheme therefore provides not only the corrected overall cluster energy after each calibration step by weighted cell signal re-summation, but also the corresponding (possibly modified) cluster barycentre. Thus the cumulative effect on the topo-cluster energy and direction can be validated after each step. The steps of the general LCW calibration are schematically summarised in Fig. [9](#Fig9){ref-type="fig"}, and the individual steps are described in more detail below.

The EM calibrations and corrections and their respective parameters are determined with single-particle MC simulations of neutral pions for a large set of energies distributed uniformly in terms of $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise}}^{\,{{\text {EM}}}}$$\end{document}$ for a given run period, which reflects the pile-up conditions according to Eq. ([1](#Equ1){ref-type=""}) in Sect. [2.2.2](#Sec8){ref-type="sec"}. Only electronic noise is added into the signal formation in the MC simulation, so that the derived calibrations and corrections effectively correct for signal losses introduced by the clustering itself. In particular, additional signal from pile-up and modifications of the true signal by out-of-time pile-up are not considered, as these are expected to cancel on average.

Cluster classification {#Sec35}
----------------------

Fig. 10Distribution of the likelihood $\documentclass[12pt]{minimal}
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As discussed in Sect. [4](#Sec22){ref-type="sec"}, most topo-clusters provide geometrical and signal moments sensitive to the nature of the shower producing the cluster signal. In particular, electromagnetic showers with their compact shower development, early starting point and relatively small intrinsic fluctuations can generate cluster characteristics very different from those generated by hadronic showers. The latter are in general subjected to larger shower-by-shower fluctuations in their development and can be located deeper into the calorimeter. In addition, the hadronic showers show larger variations of their starting point in the calorimeter. A classification of each topo-cluster according to its likely origin determines the most appropriate mix of EM and HAD calibration and correction functions to be applied.Fig. 11The distribution of the longitudinal depth $\documentclass[12pt]{minimal}
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Hadronic calibration {#Sec36}
--------------------

Fig. 12Distributions of the cell energy $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.6$$\end{document}$, calibrated with the global sequential (GCW+JES) calibration scheme described in Ref. \[[@CR38]\], in 2010 data (no pile-up) and the corresponding MC simulations. The data/MC ratio of the spectra is shown below the corresponding distributions. The figure uses plots from Ref. \[[@CR38]\]

The hadronic calibration for topo-clusters attempts to correct for non-compensating calorimeter response, meaning to establish an average $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.6$$\end{document}$, calibrated with the GCW + JES scheme described in Ref. \[[@CR38]\], in 2010 data and MC simulations (no pile-up). The data/MC ratio of the spectra is shown below the corresponding distributions. The figure uses plots from Ref. \[[@CR38]\]
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                \begin{document}$$R = 0.6$$\end{document}$ calibrated with the GCW + JES scheme described in Ref. \[[@CR38]\], in 2010 data and MC simulations (no pile-up). The data/MC ratio of the spectra is shown below the corresponding distributions. The figure uses plots from Ref. \[[@CR38]\]
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Correction for out-of-cluster signal losses {#Sec37}
-------------------------------------------

In the process of applying the noise suppression described in Sect. [3.1](#Sec16){ref-type="sec"}, cells with small true deposited energy generated by EM or HAD showers may not be collected into a topo-cluster, either due to lack of significance of their small signal, or due to the absence of a neighbouring cell with a significant signal. The energy losses introduced by this effect are estimated using single-particle MC simulations. A corresponding *out-of-cluster* correction is determined and applied to nearby topo-clusters. The cells with true energy not included into clusters are referred to as *lost cells*.

The challenge in determining this correction is the assignment of the energy deposited in a lost cell to a certain cluster. As discussed in Sect. [3.1.3](#Sec19){ref-type="sec"} and seen in Fig. [7](#Fig7){ref-type="fig"}, hadronic showers in particular can generate more than one topo-cluster. An algorithm defining an *out-of-cluster neighbourhood* to search for the lost cells has been developed for this assignment. This is depicted schematically in Fig. [15](#Fig15){ref-type="fig"}. The actual size of the neighbourhood for a given topo-cluster is determined by the maximum angular distance between the cluster and the lost cells. This distance depends on $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{\text {ooc}}$$\end{document}$ deposited in all lost cells associated with a given topo-cluster is then used to derive the out-of-cluster correction factor $\documentclass[12pt]{minimal}
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Figure [15](#Fig15){ref-type="fig"} shows that a lost cell can be located in the two overlapping out-of-cluster neighbourhoods of two close-by topo-clusters. In this case $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {cell},\text {lost}}^{\text {dep}}$$\end{document}$ of this lost cell is assigned to both clusters, with a weight proportional to their respective deposited energies $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus},1(2)}^{\text {dep}}$$\end{document}$. The out-of-cluster correction takes into account shared and non-shared lost cells and is derived for each of the two clusters separately using Eq. ([35](#Equ35){ref-type=""}) withThere are no spatial distance criteria applied to the sharing.Fig. 15Illustration of the assignment scheme for cells inside the calorimeter with true signal not captured in a topo-cluster in the context of the out-of-cluster correction (see Sect. [5.4](#Sec37){ref-type="sec"}) and for dead material cells outside the calorimeter for the dead material correction discussed in Sect. [5.5](#Sec38){ref-type="sec"}. The deposited energy in cells inside the topo-cluster is used to determine the hadronic calibration described in Sect. [5.3](#Sec36){ref-type="sec"}. A schematic depiction of a typical section of the ATLAS end-cap calorimeter with four highly granular electromagnetic samplings and four coarser hadronic samplings is shown in a view with $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta $$\end{document}$ as the *horizontal* and the depth *z* as the *vertical* coordinate. The *boxes* at small *z* in front of the EM calorimeter symbolise upstream energy losses collected into dead material cells

The scheme for the out-of-cluster correction ignores lost energy deposited in inactive areas of the detector, outside calorimeter cells. This effect is corrected for later in the calibration sequence (see Sect. [5.5](#Sec38){ref-type="sec"}) such that this component is not double-counted.

The out-of-cluster correction is different for electromagnetic and hadronic showers and is therefore separately determined with neutral and charged pion single-particle simulations. The three-dimensional set of observables $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{0}$$\end{document}$ in Eq. ([37](#Equ37){ref-type=""}) are the same as used in Eq. ([30](#Equ30){ref-type=""}).Fig. 16The distribution of the isolation moment $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {clus}}^{{{\text {EM}}}}$$\end{document}$ is shown in **c** for electromagnetic and in **d** for hadronic topo-clusters. The figures are taken from Ref. \[[@CR38]\]

While the determination of the out-of-cluster correction depends on this assignment algorithm, the application of the correction is context dependent. A topo-cluster in a jet is likely to have directly neighbouring clusters which can capture its out-of-cluster signal loss. It is therefore expected that topo-clusters in jets need less out-of-cluster corrections than isolated topo-clusters away from other clusters. The degree of isolation is measured by the isolation moment $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\text {iso}} w_{\text {clus}}^{\text {ooc}}(\mathfrak {O}_{\text {clus}}^{\text {ooc}})$$\end{document}$. This correction can change the barycentre and centre of gravity of topo-clusters containing cells from the LAr pre-samplers or the Tile scintillators.

Figure [16](#Fig16){ref-type="fig"} shows $\documentclass[12pt]{minimal}
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                \begin{document}$$R = 0.6$$\end{document}$ \[[@CR38]\]. A good agreement between data and MC simulations is observed, both for the details of the respective $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\text {iso}}$$\end{document}$ is very similar for both kinds of topo-clusters.
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                \begin{document}$$f_{\text {iso}}$$\end{document}$ distributions shown in Figs. [16](#Fig16){ref-type="fig"}a and b is indicative of topo-clusters which have a large fraction of their energy in one sampling layer in the (regular) ATLAS calorimeter read-out segmentation with at least 16 cells around the perimeter of clustered cells in a sampling layer. The isolation of this layer then dominates the overall $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\text {iso}}$$\end{document}$, as given by Eq. ([28](#Equ28){ref-type=""}) in Sect. [4.2.5](#Sec32){ref-type="sec"}. This dominance of just one sampling layer with the minimal number of cells is typical for topo-clusters seeded by a cell barely above the seed threshold defined in Eq. ([3](#Equ3){ref-type=""}) and too little energy in the neighbouring samplings to further expand the cluster. Neighbouring cells then limit $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\text {iso}}$$\end{document}$ to the multiples of 1 / 16 visible in Figs. [16](#Fig16){ref-type="fig"}a and b. Even multiples of 1 / 16 occur more often than odd multiples since they can be produced more easily by topo-clusters with a different number of neighbours. The fact that clusters close to the noise threshold are mainly responsible for the peaks explains the mismatch between data and MC simulations observed in the peak heights, and points to non-perfect modelling of noise and very small signals. The overall structure of the $\documentclass[12pt]{minimal}
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                \begin{document}$$f_{\text {iso}}$$\end{document}$ spectrum in data is well reproduced in terms of the peak locations by MC simulations.

Dead material corrections {#Sec38}
-------------------------

Fig. 17The average energy loss in the virtual dead material cells for charged 100 GeV pions. The numbers 1--7 indicate the different regions, with region 8 (not displayed) being everywhere outside regions 1--7. The dead material cells are superimposed on a schematic (*r*, *z*) view showing a quarter of the ATLAS calorimeter system with its read-out segmentation

Particles traversing the inactive (dead) material in front of or between calorimeter modules can deposit energy in it, thus reducing the measurable energy. This energy loss is addressed on average by the dead material correction. It is derived with single-particle MC simulations, where the deposited energy in the dead material outside of the active calorimeter can be calculated. This material is divided into virtual cells with a pointing geometry in $\documentclass[12pt]{minimal}
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                \begin{document}$$(\eta ,\phi )$$\end{document}$. These cells are similar to the ATLAS calorimeter cells, but typically larger in size. Depending on the particle's direction of flight, eight distinct regions are mapped out, as summarised in Table [2](#Tab2){ref-type="table"}. The energy deposited in the dead material cells is determined for charged and neutral pions at various energies and directions, and almost everywhere correlated with measurable signals.

Figure [17](#Fig17){ref-type="fig"} shows a projection of the dead material cells where energy loss is recorded to determine the dead material correction. The assignment to a topo-cluster is based on the same search-border strategy used for the determination of the out-of-cluster correction and illustrated in Fig. [15](#Fig15){ref-type="fig"}, with a refinement of the assignment procedure specific for the determination of dead material corrections. Instead of using the full deposited energy $\documentclass[12pt]{minimal}
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This weighted energy loss is collected as a function of observables of the associated topo-cluster given in Table [2](#Tab2){ref-type="table"}. Lost energy deposited in front of the calorimeter is compensated for by applying a correction proportional to the pre-sampler signals in topo-clusters which contain these signals. In the forward region the signal in the first module FCAL0 of the FCAL is used for this purpose.Table 2Overview of the signals used to correct for dead material losses in the various regions around the ATLAS calorimeters. The numbered regions are shown in Fig. [17](#Fig17){ref-type="fig"}. The parameter values used for the dead material correction are extracted from lookup tables. Region 8 comprises all dead material volumes with energy loss outside regions 1--7. These are mostly small volumes located between and behind the active calorimetersRegionsDescriptionCluster signals for dead material correction1In front of EMBEnergy in PreSamplerB2Between EMB and TileEnergies in last layer of EMB and first layer of Tile3In front of Tile gap scintillatorsEnergy in Tile gap scintillators4In front of EMECEnergy in PreSamplerE5Between EMEC and HECEnergies in last layer of EMEC and first layer of HEC6In front of FCALEnergy in first FCAL module7Behind calorimetersEnergy in last layer of hadronic calorimeters and $\documentclass[12pt]{minimal}
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Energy lost between an electromagnetic and a hadronic calorimeter module (regions 2 and 5 in Table [2](#Tab2){ref-type="table"}; Fig. [17](#Fig17){ref-type="fig"}) is found to be proportional to $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {f}}^{{{\text {EM}}}}$$\end{document}$ are reconstructed on the electromagnetic energy scale. This correction is only applied to topo-clusters which span the material between the two calorimeters.

Dead material corrections for longitudinal leakage (region 7 in Table [2](#Tab2){ref-type="table"}; Fig. [17](#Fig17){ref-type="fig"}) are applied to topo-clusters that contain cells from the very last (hadronic) calorimeter sampling layer. These corrections are calculated in three-dimensional bins of a set of observables $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{0}$$\end{document}$ from Eq. ([30](#Equ30){ref-type=""}) in Sect. [5.2](#Sec35){ref-type="sec"}. The same set of observables is used as input to correct dead material energy losses in topo-clusters that are located in the direct neighbourhood of inactive material categorised as region 8 and that have no other dead material correction applied.

Like the out-of-cluster correction, the dead material correction is a cluster-based correction. It is expressed in terms of a weight $\documentclass[12pt]{minimal}
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Fully calibrated cluster kinematics {#Sec39}
-----------------------------------

The reconstructed and fully calibrated topo-cluster energy $\documentclass[12pt]{minimal}
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The effective cell calibration weight $\documentclass[12pt]{minimal}
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All input parameter values used in the LCW calibration are derived from dedicated single-particle MC simulations. The validity of this calibration is confirmed with data, where the cumulative effect of the hadronic calibration and the out-of-cluster and dead material corrections on the signal of topo-clusters found in jets is analysed and compared to corresponding MC simulations. Figure [18](#Fig18){ref-type="fig"} summarises the quality of the LCW calibration for these clusters, both as a function of the basic cluster signal $\documentclass[12pt]{minimal}
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                \begin{document}$$\eta _{\text {clus}}$$\end{document}$ are shown in **b**, **d**, and **f**. Data recorded in 2010 is compared to the corresponding MC simulations. The figures are adapted from Ref. \[[@CR38]\]

Performance of the simulation of topo-cluster kinematics and properties {#Sec40}
=======================================================================

The reconstruction performance of the topological cell clustering algorithm in ATLAS can be evaluated in the context of reconstructed physics objects such as jets or (isolated) single particles. In addition, features of the topo-cluster signal outside these physics objects can be studied with exclusive samples of low-multiplicity final states without jets. These are preferably selected by muons as those leave only small signals in the calorimeter, nearly independent of their $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ without jets). The topo-clusters not used in reconstructing hard physics objects reflect the calorimeter sensitivity to small and dispersed energy flows generated by the proton--proton collisions in the LHC, including pile-up. The level of agreement between data and MC simulations is used in all cases as a metric for the reconstruction performance.

Single-particle response {#Sec41}
------------------------

The calorimeter response to single isolated charged hadrons with well-measured momentum in the ID was determined using proton--proton collision data at $\documentclass[12pt]{minimal}
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The principal observable is the energy-to-momentum ratio $\documentclass[12pt]{minimal}
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The results of the measurement of $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu \approx 0$$\end{document}$) are presented in Fig. [21](#Fig21){ref-type="fig"} and show good agreement between data and MC simulations without indicating a strong preference for one of the hadronic shower models. More results of the full systematic evaluation of the topo-cluster response to single charged hadron tracks, including for selected tracks from identified charged mesons and baryons, are available in Ref. \[[@CR45]\].

Effect of pile-up on topo-cluster observables {#Sec42}
---------------------------------------------

Fig. 22The distribution of the transverse momentum of topo-clusters reconstructed on the EM scale ($\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ event sample recorded in 2012. Data are compared to distributions from MC simulations (**a**, **c**, **e**) including fully simulated pile-up and (**b**, **d**, **f**) with pile-up overlaid from data for all topo-clusters within (**a**, **b**) $\documentclass[12pt]{minimal}
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                \begin{document}$$3.8< |\eta _{\text {clus}}| < 4.0$$\end{document}$. The ratio of the distribution from data to the one from MC simulation is evaluated bin-by-bin and shown below the respective distribution. The *shaded bands* indicate the statistical uncertainties from MC simulations for both the spectra and the ratios

The topo-cluster reconstruction performance is affected by in-time and out-of-time pile-up. While in-time pile-up is expected to usually increase the number of topo-clusters with increasing number of reconstructed vertices ($\documentclass[12pt]{minimal}
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                \begin{document}$$N_{\text {PV}}$$\end{document}$), the out-of-time pile-up leads to cluster signal and shape modifications introduced by the calorimeter signal shaping functions described in Sect. [2.2.1](#Sec7){ref-type="sec"}.

The high density of very significant cell signals generated inside jets in the calorimeter increases the likelihood of low-energy pile-up signals to survive in the topo-cluster formation, according to the formation rules given in Sect. [3.1](#Sec16){ref-type="sec"}. Cell signals generated by the energy flow of relatively isolated particles entering the calorimeter outside jets or (stochastic) jet-like flow structures[14](#Fn14){ref-type="fn"} often have less significant neighbouring cells and thus contribute less often to topo-clusters. Consequently, the acceptance of the calorimeter for these particles, many of which are produced by pile-up, is lower than for particles in or around a jet.

In this section the modelling of the pile-up effects on the kinematics and moments used for the LCW calibration is compared to data for topo-clusters formed inside and outside jets for the conditions during 2012 running. The effect of pile-up on jets reconstructed from topo-clusters is discussed in Sect. [6.3](#Sec48){ref-type="sec"}, together with the stability of topo-cluster-based observables associated with the jet and its composition.

### Event selection {#Sec43}

The data used for the evaluation of the pile-up effects on topo-cluster kinematics and moments are collected from $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ events recorded in 2012. As indicated in Sect. [2.1](#Sec3){ref-type="sec"}, the corresponding sample is defined by a muon-based trigger. The additional event selection, applied to both data and the corresponding MC simulations, requires two muons with $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T}}> 20\,{\text {GeV}}$$\end{document}$ are removed. This sample is characterised by a final state dominated by in-time pile-up signal contributions, with only a small number of topo-clusters associated with the hadronic recoil.

Another exclusive sample for the analysis of topo-cluster features in jets is selected by requiring at least one anti-$\documentclass[12pt]{minimal}
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### Modelling of topo-cluster kinematics in events with pile-up {#Sec44}
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### Transverse momentum flow in the presence of pile-up {#Sec45}
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The pile-up dependence of the average transverse momentum flow in various detector regions, as expressed by $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \Sigma p_{\text {T},\text {clus}}^{{{\text {EM}}}}\rangle (\mu )$$\end{document}$, is shown in Fig. [24](#Fig24){ref-type="fig"} for an inclusive ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T},\text {clus}}^{{{\text {EM}}}} > 0$$\end{document}$) and a exclusive ($\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T},\text {clus}}^{{{\text {EM}}}} > 1\,{\text {GeV}}$$\end{document}$) topo-cluster selection. The MC simulations predict the flow in the detector regions $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$|\eta | < 0.2$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.0<|\eta |<2.2$$\end{document}$ well, in particular for the more pile-up-sensitive cluster selection shown in Figs. [24](#Fig24){ref-type="fig"}a and c. Larger deviations are observed for these two regions with the exclusive selection in Figs. [24](#Fig24){ref-type="fig"}b and d. In the forward region, MC simulations predict higher $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$p_{\text {T}}$$\end{document}$-flow for both topo-cluster selections, as can be seen in Figs. [24](#Fig24){ref-type="fig"}e and f. The slope of the $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$\langle \Sigma p_{\text {T},\text {clus}}^{{{\text {EM}}}}\rangle (\mu )$$\end{document}$ dependence in this region is very similar for data and MC simulations.

The observations in Figs. [22](#Fig22){ref-type="fig"}, [23](#Fig23){ref-type="fig"}, [24](#Fig24){ref-type="fig"} indicate that in the case of the fully simulated pile-up the simulation of the topo-cluster response to the underlying transverse energy flow outside jets suffers from MC simulation deficiencies. The use of overlaid pile-up from data, while not demonstrated here in all details, promises significant improvements for the modelling of the soft-event signals.

### Topo-cluster multiplicity in the presence of pile-up {#Sec46}
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The calorimeter signal occupancy in the exclusive $\documentclass[12pt]{minimal}
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The geometry effect yields the steep drop in topo-cluster number density at this boundary. Raising the transverse momentum threshold for accepted topo-clusters increasingly mitigates the geometrical and noise effects on the cluster number density. The data/MC comparison shows larger deficiencies for more inclusive topo-cluster selections, which capture more signals from pile-up. It improves as the $\documentclass[12pt]{minimal}
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The dependence of the average number of topo-clusters in a given calorimeter region on the pile-up activity, expressed in terms of $\documentclass[12pt]{minimal}
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These qualitative differences between the observations for the central and end-cap regions and the forward region can arise from the modelling of soft physics, which is tuned with reconstructed charged tracks in the detector region $\documentclass[12pt]{minimal}
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As can be seen in Figs. [27](#Fig27){ref-type="fig"}b and f, counting only topo-clusters with $\documentclass[12pt]{minimal}
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### Modelling of the topo-cluster depth location in the presence of pile-up {#Sec47}

Fig. 28The distribution of the topo-cluster depth location, measured in terms of $\documentclass[12pt]{minimal}
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                \begin{document}$$3.8< |\eta _{\text {clus}}| < 4.0$$\end{document}$. The corresponding distributions for MC simulations with pile-up from data overlaid are depicted in **b**, **d**, and **f**. The ratios of the distributions for data and MC simulations are shown below the respective distributions. The *shaded bands* indicate the statistical uncertainties for MC simulations Fig. 29The distribution of the topo-cluster depth location, measured in terms of $\documentclass[12pt]{minimal}
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                \begin{document}$$p_{\text {T},\text {clus}}^{{{\text {EM}}}}> 5\,{\text {GeV}}$$\end{document}$. The corresponding distributions for MC simulations with pile-up from data overlaid are depicted in **b**, **d**, and **f**. The *shaded bands* indicate the statistical uncertainties for the distributions obtained from MC simulations and the corresponding uncertainties in the ratio plots

Pile-up is expected to affect cluster moments as well as the overall cluster kinematics. Its diffuse energy emission can not only produce additional topo-clusters, but also change the centre of gravity, the barycentre, and other cluster shapes. In some cases, pile-up can actually increase the cluster splitting, as additional local signal maxima can be inserted into a topo-cluster by pile-up. In addition, the increased cell noise can produce additional signal minima in groups of previously connected cells in the topo-cluster. This last effect can be more important for topo-clusters in jets and is discussed in Sect. [6.3](#Sec48){ref-type="sec"}. The topo-cluster depth location $\documentclass[12pt]{minimal}
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                \begin{document}$$\lambda _{\text {clus}}$$\end{document}$ discussed here serves as an example for the quality of modelling cluster moments in the presence of pile-up. Other moments are investigated in the context of jets.
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                \begin{document}$$p_{\text {T},\text {clus}}$$\end{document}$ in Fig. [22](#Fig22){ref-type="fig"}. The fully simulated events with pile-up from the minimum-bias simulations show significant differences from the data, while the MC simulations overlaid with pile-up from data show good agreement with respect to all features of these distributions. The complex structure of the distributions reflects the longitudinal calorimeter segmentation in the various regions defined by $\documentclass[12pt]{minimal}
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                \begin{document}$$2.5/3.5/3.5\,\lambda _{\text {nucl}}$$\end{document}$). This structure generates topo-clusters preferably in the depth centre of each module, as can be seen in Figs. [28](#Fig28){ref-type="fig"}e and f. These distributions are dominated by low-energy clusters associated with pile-up interactions such that the improvement seen by using data overlay is expected.

Similarly to the studies of the kinematic and flow properties of topo-clusters discussed in Sects. [6.2.2](#Sec44){ref-type="sec"} and [6.2.3](#Sec45){ref-type="sec"}, more exclusive topo-cluster selections are also investigated. Figure [29](#Fig29){ref-type="fig"} shows data/MC comparisons of the $\documentclass[12pt]{minimal}
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Topo-clusters in jets {#Sec48}
---------------------

Jets are important in many analyses at the LHC. Therefore, the performance of the simulation of their constituents is important, in particular for analyses employing jet substructure techniques or relying on the jet mass. In order to study the topo-cluster features in jets and the jet topo-cluster composition, exclusive jet samples are extracted from data and MC simulation using the $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ and jet selection described in Sect. [6.2.1](#Sec43){ref-type="sec"}. As the jets are globally corrected for pile-up \[[@CR16]\], they form a stable kinematic reference for the evaluation of pile-up effects on the topo-clusters used to reconstruct them. Jets include only topo-clusters with $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$E > 0$$\end{document}$, as required by the kinematic recombination.

The full evaluation of the reconstruction performance for jets formed with topo-clusters on both EM and LCW scale is presented in Refs. \[[@CR16], [@CR38]\]. The evaluation of the jet energy resolution can be found in Ref. \[[@CR51]\].

### Jet energy scale and topo-cluster-based response in pile-up {#Sec49}
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### Topo-cluster multiplicity in jets {#Sec50}

Figure [31](#Fig31){ref-type="fig"} shows the distributions of the number of topo-clusters ($\documentclass[12pt]{minimal}
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The data/MC comparisons of the cluster multiplicity distributions counting only topo-clusters with $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ data and MC simulations are shown in Fig. [32](#Fig32){ref-type="fig"}. This comparison is significantly improved with respect to Fig. [31](#Fig31){ref-type="fig"}, indicating that the number of low-energy topo-clusters in jets is poorly simulated. The comparison of data to MC simulations with fully simulated pile-up and with pile-up overlaid from data for the more inclusive cluster multiplicities in Fig. [31](#Fig31){ref-type="fig"} indicates that pile-up is likely not the main source for the deficiencies in the MC simulation, as the comparison does not improve significantly when pile-up is taken from the data. This observation, together with the insensitivity of the data/MC comparison of the multiplicity of harder topo-clusters to the choice of pile-up modelling in MC simulations shown in Fig. [32](#Fig32){ref-type="fig"}, suggests that the deficiencies in the simulation of the low-energy topo-cluster multiplicity arise from imperfections in the detector model, response or tuning of the parton shower and other sources of soft emissions, including multiple parton interactions in the underlying event, rather than from the modelling of pile-up or electronic noise. Further investigations concerning the distribution of the topo-cluster location in jets confirm this interpretation and are presented in Sect. [6.3.3](#Sec51){ref-type="sec"}.Fig. 33The average number of topo-clusters $\documentclass[12pt]{minimal}
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### Topo-cluster location in jets {#Sec51}
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### Calibration and signal features of the leading topo-cluster {#Sec52}
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The distribution of the depth location of the leading topo-cluster, already discussed for all and selected topo-clusters in the inclusive $\documentclass[12pt]{minimal}
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                \begin{document}$$Z \!\rightarrow \!\mu \mu $$\end{document}$ sample with jets in Sect. [6.3.3](#Sec51){ref-type="sec"}, is shown in Fig. [36](#Fig36){ref-type="fig"}a, b, c for jets reconstructed in the central, end-cap, and the forward detector region, respectively. As expected from the previous observations, MC simulations agree reasonably well with data. It is also observed that the leading cluster in the central and end-cap detector regions is most often located either in the electromagnetic or in the hadronic calorimeters, and rarely between the modules. In the forward region, the hardest cluster is most often located in the first FCAL module.
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### Pile-up dependence of leading topo-cluster signal features {#Sec53}
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The pile-up dependence of the average leading cluster signal fraction $\documentclass[12pt]{minimal}
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Figure [40](#Fig40){ref-type="fig"}b shows that the overall LCW calibration applied to the leading topo-cluster, measured by the average ratio $\documentclass[12pt]{minimal}
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### Leading topo-cluster geometry and shapes {#Sec54}

Fig. 41The distribution of the normalised (**a**, **c**, **e**) lateral ($\documentclass[12pt]{minimal}
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The spatial extensions of the leading topo-cluster in a jet are calculated as described in Sect. [4.1](#Sec23){ref-type="sec"}. The distributions of the normalised lateral energy dispersion $\documentclass[12pt]{minimal}
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### Pile-up dependence of leading topo-cluster geometry and shapes {#Sec55}

The dependence of the geometry and shape of the leading topo-cluster in a jet on the pile-up activity measured by $\documentclass[12pt]{minimal}
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                \begin{document}$$\mu $$\end{document}$ is shown in Fig. [44](#Fig44){ref-type="fig"}. No significant dependence is observed for the average longitudinal extension of this cluster shown in Fig. [44](#Fig44){ref-type="fig"}a, the average size of this cluster in $\documentclass[12pt]{minimal}
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                \begin{document}$$(\eta ,\phi )$$\end{document}$ space in Fig. [44](#Fig44){ref-type="fig"}b, and its average lateral energy dispersion, defined in Eq. ([18](#Equ18){ref-type=""}) and displayed in Fig. [44](#Fig44){ref-type="fig"}c.

The data/MC comparison of the average pile-up dependences shows generally acceptable agreement, but also suggests some residual deficiencies likely related to the simulation of the longitudinal and lateral (hadronic) shower shapes. Corresponding observations are reported in Refs. \[[@CR49], [@CR50], [@CR53], [@CR54]\] in the context of detailed comparisons of ATLAS test-beam data with simulations.

Conclusion {#Sec56}
==========

Topological cell signal clusters (topo-clusters) provide a well-understood and calibrated signal definition for hadronic final-state reconstruction in the ATLAS calorimeters. The principal algorithm generating these topo-clusters includes a noise-suppression scheme based on signal-significance patterns which is similar to applications in previous experiments. The innovative approach developed for the ATLAS calorimeters not only employs a highly refined implementation of this algorithm in a high-energy, high-luminosity hadron collider environment characterised by significant collision backgrounds introduced by pile-up, but also uses the topo-clusters as a signal base for a local hadronic calibration (LCW) in a non-compensating calorimeter.

Both the topo-cluster formation and the LCW calibration have been validated in collisions without pile-up recorded in 2010, and in the more active pile-up environments observed in 2011 and 2012 operations. The residual effects of pile-up on cluster kinematics and observables in data are well controlled in that they can be reproduced with sufficient precision in MC simulations for topo-clusters either inside or outside jets. The largest observed data--MC differences mainly arise from imperfect modelling of the soft collision physics affecting pile-up. Overlaying pile-up from data on generated hard-scatter interactions in MC simulations yields significantly better agreement for most kinematic variables and topo-cluster moments.

From the LHC Run 1 experience, topo-clusters are now established as a well-performing signal base for jet and transverse missing momentum ($\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$) reconstruction in ATLAS. They provide noise suppression important for a high-quality calorimeter signal, and in this reduce the amount of data needed to represent the final state in the detector. Their spatial resolution allows not only detailed analysis of the energy flow in the proton--proton collision events as needed for $\documentclass[12pt]{minimal}
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                \begin{document}$$E_{\text {T}}^{\text {miss}}$$\end{document}$ reconstruction but also analysis of more localised energy-flow structures inside jets. This is done routinely in boosted-object reconstruction techniques applied in jet substructure analysis, with recent examples from ATLAS discussed in Refs. \[[@CR55]--[@CR58]\].

ATLAS uses a right-handed coordinate system with its origin at the nominal interaction point (IP) in the centre of the detector and the *z*-axis along the beam pipe. The *x*-axis points from the IP to the centre of the LHC ring, and the *y*-axis points upward. Cylindrical coordinates $\documentclass[12pt]{minimal}
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Selected examples of the actual distributions taken from data are shown in the context of the topo-cluster formation discussed in Sect. [3.1.1](#Sec17){ref-type="sec"}.

Stable particles are those with laboratory frame lifetimes $\documentclass[12pt]{minimal}
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Calorimeter cells marked as having read-out or general signal extraction problems in the actual run conditions are not considered as seeds.

Signals in the pre-samplers and gap scintillators are not considered at all in guiding the topo-cluster splitting (see Ref. \[[@CR1]\] for a detailed description of the ATLAS calorimeters).

This scale is motivated by the Molière radius of the electromagnetic shower, which in good approximation is set to $\documentclass[12pt]{minimal}
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                \begin{document}$$\phi _{\text {cell}}$$\end{document}$. Correspondingly, the full width at half maximum estimates for the topo-cluster are closer to $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.35 \sigma _{\eta }$$\end{document}$ and $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$2.35 \sigma _{\phi }$$\end{document}$.

Out-of-time pile-up introduces a coherent component into the calorimeter cell noise due to the correlation of signals in adjacent cells in showers generated by past energy flow. This contribution is reflected on average in the value for $\documentclass[12pt]{minimal}
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                \begin{document}$$\sigma _{\text {noise,cell}}^{\,{{\text {EM}}}}$$\end{document}$, but cannot explicitly be evaluated for any given cell due to its highly stochastic and beam-conditions dependent nature.

For the purpose of this calculation, the EMC consists of sampling layers EMB1 to EMB3, EME1 to EME3, and FCAL0.

As cells and clusters are localised in the calorimeters, the preferred variables for this space are the azimuth $\documentclass[12pt]{minimal}
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This is because the electromagnetic energy scale reconstructs a signal larger than expected for the deposited energy in case of pure ionisation, due to the lack of showering.

These can be generated by particles from different pile-up collisions going in the same direction in a given event.

In the case of a leading (stable) hadron in the jet, the leading topo-cluster may still arise from a photon, as the selection of this cluster is performed on the EM scale. This introduces a bias due to $\documentclass[12pt]{minimal}
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                \begin{document}$$e/\pi >1$$\end{document}$, which is nevertheless well modelled in MC simulations, according to Fig. [37](#Fig37){ref-type="fig"}.

The particular choice of normalisation in the definition of $\documentclass[12pt]{minimal}
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In particular, pile-up can introduce an additional signal maximum at the boundary of a relatively dense leading topo-cluster, which can have a significant effect on e.g. $\documentclass[12pt]{minimal}
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The location of this peak is consistent with the change of the cell size in sampling layers EME1 and EME2 of the electromagnetic end-cap calorimeter at $\documentclass[12pt]{minimal}
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